The combined influence of temperature and the isotopic composition of the seawater (δ , R = 0.98, P < 0.001, N = 51). These analyses demonstrate that, coupled with the ontogenetic trends, 54% of the variability in G. glycymeris δ 13 C shell records can be explained by a combination of the marine Suess effect and physical (salinity and riverine input) and biological processes (primary production). The application of these δ 13 C shell data in conjunction with co-registered δ 18 O shell and growth increment width series, each of which have been shown to be sensitive to seawater temperature and primary productivity respectively, can therefore provide new insights into past environmental variability and help constrain uncertainties on reconstructions of past seawater temperature variability.
Introduction
The widespread application of oxygen stable isotope (δ 18 O) records for reconstructing past oceanographic variability is largely due to the well characterised mechanisms that drive δ 18 O variability in marine carbonates (δ 18 O carb ; temperature and the δ 18 O composition of seawater [δ 18 O w ], which is closely related to salinity), and the broad spectrum of marine archives that provide long-term records of δ 18 O variability (e.g. planktonic and benthic foraminifera, corals, otoliths and molluscs; Urey, 1948 , Shackleton et al., 1984 , Chappell and Shackleton, 1986 , Fairbanks and Matthews, 1978 , Chappell et al., 1996 , Schöne et al., 2005 , Wanamaker Jr. et al., 2011 , Reynolds et al., 2016 . Whilst δ 18 O carb records have proved invaluable in developing our understanding of past marine variability, the combined influence of both temperature and δ 18 O w on the δ 18 O carb variability typically precludes the reconstruction of absolute water temperature or δ 18 O w without using an independent proxy for δ 18 O w or seawater temperature respectively. To mitigate this issue δ 18 O carb records derived from foraminifera can be integrated with coupled (co-registered) magnesium/ calcium (Mg/Ca) ratios (e.g. Elderfield and Ganssen, 2000) . As the Mg/ Ca ratios in some foraminifera faithfully reflect the ambient seawater temperature at the time of carbonate formation, the integration of Mg/ Ca and δ 18 O analyses can facilitate the quantitative reconstruction of past seawater temperature and/or δ 18 O w . However, such techniques have hitherto been shown to be ineffective in proxy records derived from the geochemical analysis of long-lived marine bivalves (sclerochronologies). While there are exceptions (e.g. Pectin maximums (Freitas et al., 2012) , Mg/Ca records from the majority of marine bivalve species contain little, if any, coherence with seawater temperature (e.g. Lorens and Bender, 1980; Vander Putten et al., 2000; Lorrain et al., 2005; Freitas et al., 2005; Freitas et al., 2008; Wanamaker et al., 2008b) . In the majority of marine bivalves a number of mechanisms have been demonstrated to drive Mg/Ca ratios including metabolic processes, ontogeny, the organic matrix of the shell, intra-shell variability and salinity (Freitas et al., 2012 and references there in) . Given the lack of a stable coherence between molluscan Mg/Ca ratios and temperature alternative approaches have to be employed for detangling the influence of seawater temperature and δ 18 O w on δ 18 O shell records.
Several studies have previously suggested that molluscan δ 13 C records (δ 13 C shell ) could be used as a potential proxy for δ 18 O w /salinity Gillikin et al., 2006) . The application of δ 13 C shell records as a proxy for δ 18 O w would be advantageous as these data are generated simultaneously with the δ 18 demonstrated to be a combined function of both internal biological processes and external processes (Tanaka et al., 1986; Klein et al., 1996; McConnaughey et al., 1997; Lorrain et al., 2004; Gillikin et al., 2005 , 2007 -also reviewed in McConnaughey and Gillikin, 2008 , Schöne et al., 2011 , Beirne et al., 2012 , Reynolds et al., 2017a . External processes drive changes in the δ 13 C composition of dissolved inorganic carbon (δ 13 C DIC ) in the ambient water through both physical (temperature, salinity and air-sea pCO 2 exchange) and biological (primary production) processes (LynchStieglitz et al., 1995) . On the other hand, internal biological processes either directly lead to the fractionation of the δ 13 C DIC or lead to a change in the proportion of environmental and respired carbon being incorporated into the shell matrix through time (McConnaughey and Gillikin, 2008; Beirne et al., 2012) . In some marine bivalve species, these processes have been argued to vary with age and are therefore termed ontogenetic effects (Lorrain et al., 2004) .
In recent years an increasing number of studies have sought to utilise the growth increment width series and δ 18 O shell records derived from the long-lived marine bivalve Glycymeris glycymeris to investigate past marine variability (e.g. Brocas et al., 2013; Reynolds et al., 2013; Royer et al., 2013; Featherstone et al., 2017; Reynolds et al., 2017b) . However, hitherto the application of the corresponding G. glycymeris δ 13 C shell data has yet to be investigated. Utilising G. glycymeris δ 13 C shell data to study past carbon dynamics would be advantageous as G. glycymeris populate contrasting habitats (coarser grain size substrates; Hayward and Ryland, 1995) to that of other commonly used sclerochronological archives (e.g. Arctica islandica) and thus could provide unique perspectives on carbon cycle dynamics in a broader spectrum of environments across the North Atlantic continental shelf seas. However, due the potential of ontogenetic δ 13 C shell trends, it is necessary to develop a better understanding of the mechanisms and processes controlling δ 13 C shell variability in G. glycymeris. In this study we aim to examine: i) whether G. glycymeris δ 13 C shell series contain significant ontogenetic trends; ii) whether it is possible to combine δ 13 C shell data from multiple G. glycymeris shells to construct δ 13 C shell datasets that can extend beyond the longevity of a single specimen; and 3) to what extent environmental variability (primary production, riverine input, seawater temperature and salinity) drive variability in G. glycymeris δ 13 C shell timeseries.
Material and methods

Sampling and study site
Live and fossil G. glycymeris and A. islandica shells were collected from the Tiree Passage, off the western coast of Scotland, by mechanical dredge, deployed by the RV Prince Madog, and scuba diving (Natural Environment Research Council [NERC] National Facility for Scientific Diving) between 2006 and 2014. The shells were collected from water depths between 25 and 55 m in the vicinity of Tiree Passage oceanographic mooring (56°37.75N, 6°24.00W, Fig. 1 ). For full details of the shell collection see Reynolds (2011) , Reynolds et al. (2013) and Reynolds et al. (2017b) .
Due to its locality on the northwest European shelf, variability in the Tiree Passage is dominated by tidal mixing and the northward advection of warm salty water that is entrained into the Sea of the Hebrides, principally from the European Slope Current (ESC) and the North Atlantic Current (NAC; Inall et al., 2009 , Marsh et al., 2017 respectively. Variability in the ESC is tightly linked to the dynamics of the North Atlantic subpolar gyre (SPG) circulation and the Atlantic Meridional Overturning Circulation (AMOC), being driven both by wind driven Ekman transport and latitudinal, salinity driven, density gradients (Marsh et al., 2017) .
Several observational records exist from the northwest Scottish coastal region including seawater temperature and salinity measurements in the Tiree Passage (Inall et al., 2009 ) and nearby Keppel Pier (www.bodc.ac.uk/data/), primary production measured as part of the Continuous Plankton Recorder dataset (CPR; www.sahfos.ac.uk/) and river flow data from the river Ewe spanning the interval from 1971 to 2016 (https://nrfa.ceh.ac.uk/data). However, no direct measurements of the δ 13 C DIC are available from this region (Schöne et al., 2011) . To mitigate this issue, we utilised δ 13 C shell data derived from annually resolved and crossdated A. islandica shells, that have been demonstrated to faithfully record seawater δ 13 C DIC (Beirne et al., 2012) , collected from the Tiree Passage to evaluate if the G. glycymeris δ
13
C shell data are likely consistent with δ 13 C DIC variability in the Tiree Passage.
Sample preparation
Both the A. islandica and G. glycymeris shells were sectioned using standard sclerochronological procedures (Ramsay et al., 2000; Richardson, 2001) . A rough 1-2 cm section of shell was cut using a diamond tipped blade rotatory saw to remove the portion of shell containing the axis of maximum growth from the apex of the hinge through to the ventral margin. The shell section containing the axis of maximum growth was then embedded into MetPrep epoxy resin before a final cut was made adjacent to the axis of maximum growth using diamond tipped blades mounted on Buehler Isomet 4000 and Isomet 5000 saws. The final cut shell sections were then polished using carborundum paper using finer grades of grit (from grade 120-2000; equivalent of down to 3 μm grit size) and polished using a 3 μm diamond paste and neoprene polishing cloth.
Acetate peel replicas were constructed of the polished and etched (using 0 .1M hydrochloric acid for 90 and 120 s for G. glycymeris and A. islandica respectively) shell surfaces to facilitate the identification and measurement of the growth increment widths. Digital photographs were taken of the acetate peel replicas using transmitted light microscopes and 3-megapixel digital cameras under between ×2 and ×10 magnification. Numerous systems were used to image the acetate peel replicas (e.g. Soft Imaging System digital camera and AnalySIS imaging software and Image Pro Premiere software), for more details see Reynolds et al. (2013) . The widths of each growth increment in each shell were digitally measured using the Buehler Omnimet and Image Pro Premier software.
Sample dating
Carbonate samples obtained from G. glycymeris shells that lived during the "modern" interval (1800 CE to present) were dated utilising the Tiree Passage G. glycymeris growth increment width chronology . The shells contained in this chronology were crossdated and the ages validated by accelerator mass spectrometry (AMS) radiocarbon ( 14 C) dating . Shells that lived in the "pre-modern" era (i.e. pre-1800 CE) were dated by AMS 14 C dating using the Natural Environment Research Council AMS 14 C facility (East Kilbride, UK). A single carbonate sample was cut from the outer shell layer of the ventral margin of 21 dead collected G. glycymeris shells. The 14 C determinations were calibrated into calendar dates using OxCal online V4.3 (Ramsey, 2009 ) using the Marine 13 radiocarbon calibration curve (Reimer et al., 2013) . A regional offset (ΔR) from the marine calibration curve of 26 ± 14 years was applied to the calibrated 14 C dates (Cage et al., 2006) . The dates of the annual δ 13 C shell samples derived from the 14 C dated shells were based on assigning the most modern growth increment the calendar year associated with the centre point of the 95.4% probability distribution generated by the OxCal 14 C calibration and growth band counting relative to this increment. Whilst this method increases the potential for temporal uncertainties, the clear nature of the annually resolved G. glycymeris growth increments mitigates this issue. For similar methodology see . The dates of the δ 13 C shell samples derived from the live collected A.
islandica shells were based on crossdating. The growth increment D.J. Reynolds, et al. Palaeogeography, Palaeoclimatology, Palaeoecology 523 (2019) 48-61 widths of ten live collected A. islandica shells were crossdated using SHELLCORR, run in Matlab (Butler et al., 2010) . The comparison of ten shells using crossdating allowed the generation of a suite of absolutely dated growth increments which then formed the temporal framework for the stable isotope analyses.
Isotope sampling
Aragonite powder samples, of between 10 μg and 400 μg, were drilled from the growth increments in the outer shell layer of a subset of shells contained in the Tiree Passage master sclerochronology, fossil G. glycymeris shells and three live-collected A. islandica shells. The same methodology was used for sampling each of these shells. Samples were drilled using a 300 μm tungsten carbide drill bit coupled to a Merchantek (New Wave) micromill system from the polished embedded shell sections. For an in-depth description of the micromilling methodology used for sampling see (Reynolds et al., 2017b) and Supplementary Fig. S1 . In summary, for the annual resolution samples a single sample was drilled to a total depth of 1 mm from each growth increment. As the width of the growth increments varies this approach results in the generation of a variable amount of carbonate powder. In the cases where a large volume of powder was generated, due to the increments being wider, a subsample of the carbonate powder was analysed. We replicated the analyses of 107 subsamples from 13 individual shells to test if these larger samples were sufficiently homogenised. The standard deviation of these replicated samples was used to evaluate the homogenisation process. As part of the Reynolds et al. (2017a Reynolds et al. ( , 2017b 18 O shell study isotope analyses were also conducted at sub-annual resolution, with multiple carbonate samples being drilled from within a single growth increment. To maximise the data available in this study we utilise the corresponding sub-annual resolution δ 13 C shell data. However, as the focus of this study is on inter-annual variability, the sub-annual data were down-scaled to annual resolution by calculating the arithmetic mean of the sub-annually resolved δ 13 C shell data within each individual growth increment sampled. As the sub-annual resolution sampled data were obtained from the same portion of shell as the annual data ( Supplementary Fig. 1 ) the down-scaled data were treated as annually resolved in all further analyses. The effect of arithmetically averaging the sub-annual resolution δ 13 C shell data was evaluated by performing linear regression analysis between the sampling resolution (the number of sub-annual resolution samples used to generate the annual δ 13 C shell value) and the corresponding annual mean value. These sub-annual derived values were then compared with annual resolution data, generated by drilling one sample per year, as part of the inter-shell δ 13 C variability analyses (see results Section 3.3).
The δ 13 C shell composition of all samples was measured using a Thermo Mat 253 mass spectrometer coupled to a Kiel IV carbonate preparation device (Cardiff University). The shell samples were analysed alongside an internal standard made of Carrara marble (no less than six standards per 40 shell samples) and calibrated against international standard NBS-19, expressed relative to the Vienna Pee Dee Belemnite (VPDB). Measured isotope values were corrected for variation with sample size. During the period that the samples were measured this correction amounted to~0.02‰ in δ 13 C over the range of 1-9 Volt of signal intensity. However, no correction for scale-compression is needed. Using NBS19 as a single anchor point the measured values for NBS18 were within one standard deviation of the accepted values. Over the interval the samples were run, the mean δ 13 C values for standards NBS19 and NBS18 were 1.95‰ and −5.01‰ respectively. The standard deviation of the standard means was < 0.05‰. The external precision (1σ) for δ 13 C, based on the replicate analyses of the internal standard Carrara marble, over the course of the analyses for this study, was ≤0.05‰.
Ontogenetic trend analysis
To evaluate if the G. glycymeris δ 13 C shell data are impacted by ontogenetic processes the annually resolved δ 13 C shell data from each individual shell was aligned by ontogenetic age and the mean and standard deviation calculated. This process results in the generation of a mean population δ 13 C shell curve relative to shell ontogenetic age. As the shells incorporated in these analyses span a broad time interval, this process averages out the environmentally driven trends, that vary differently across the variety of time intervals represented by the shells, while the common δ 13 C shell trends related to shell ontogeny, if present, are preserved as these should remain relatively constant through time.
The incorporation of pre-industrial G. glycymeris shells in the mean population δ 13 C shell curve is also necessary due to the possibility of a confounding negative δ 13 C shell trend recorded in shells representing the industrial era, related to the marine Suess effect (Suess, 1953; Butler et al., 2009; Galbraith et al., 2015; Eide et al., 2017) . To evaluate the potential influence of the marine Suess effect on the mean population δ 13 C shell curve, the mean population δ 13 C shell curve was estimated a total of three times using different suites of shells. The first mean population δ 13 C shell curve contained data obtained from all the shells sampled, irrespective of shell antiquity (referred to as δ 13 C all-shells ). The second and third replicate mean population δ 13 C shell curves were generated using only shells that derived from the industrial (1800 CE to present) and pre-industrial (pre-1800 CE) time intervals respectively (referred to as δ 13 C industrial and δ
13
C pre-industrial respectively). To evaluate the number of individual δ 13 C shell series required to develop a representative mean population δ 13 C shell curve, the standard error or the population δ 13 C shell curves were regressed against the corresponding number of shells used to generate the curve (supplementary Fig. 2 ). The mean population δ 13 C shell curves were initially filtered using a 10-year first order loess low pass filter and the first differential calculated. The low pass filter was used to reduce noise in the data whilst preserving decadal to centennial scale trends. Persistent positive (negative) first differential values were used to identify positive (negative) trends in δ 13 C shell values. Based on these data, the non-filtered (annually resolved) mean population δ 13 C shell curves were split into two separate time intervals where the δ 13 C shell data were characterised by little or no persistent trend and an interval of a persistent negative trend in δ 13 C shell respectively. The precise timing of these intervals was defined using the position (ontogenetic age) at which the first differential intercepts the x-axis denoting a change in trend (δ 13 C all-shells 1-17 and 18-70; δ 13 C industrial 1-11 and 12-70; and δ 13 C pre-industrial 1-19 and 20-64 respectively; Fig. 4 ). Linear and non-linear regression models were then used to evaluate the significance of the trends over each interval.
Constructing a multi-centennial δ
C record
Given the maximum longevity of G. glycymeris from the Tiree passage is~200 years , the construction of a multicentennial to millennial length G. glycymeris δ 13 C shell record requires combining overlapping δ 13 C shell data derived from multiple shells. To estimate the degree of uncertainty that is associated with differences in δ 13 C shell between individual shells growing in the same calendar years (referred to as inter-shell δ 13 C shell variability) the standard deviation was calculated between δ 13 C shell data derived from growth increments formed in the same calendar year across multiple shells. This approach results in the evaluation of inter-shell δ 13 C shell variability associated with combining δ 13 C shell data from growth increments spanning a range of ontogenetic ages but formed within the same calendar year. Linear regression analyses were used to quantitatively evaluate the influence of combining δ 13 C shell data from growth increments of differing ontogenetic ages. These analyses were performed by regressing the intershell δ 13 C shell variability data against the corresponding standard deviation in ontogenetic age of the growth increments sampled in that given year. In addition, to evaluate if the inter-shell δ 13 C shell variability is associated with the absolute ontogenetic age of the growth increments sampled (rather than the difference in ontogenetic age between replicated samples) linear regression analyses were conducted between the inter-shell δ 13 C shell variability data and the corresponding mean ontogenetic age of the growth increments sampled. The δ 13 C shell data from each individual shell was detrended using a high pass filter (20 year first order loess filter) to remove possible ontogenetic trends. A 20 year high pass filter was used for two reasons: i) It is a relatively flexible filter and as such accurately adapts to the variable long-term trends in the δ 13 C shell data. Applying a stiffer filter (e.g. 40 years) may not accurately follow trends in the δ 13 C shell resulting in the detrended δ 13 C shell data containing statistical artefacts. ii) Using a 20 year filter results in the minimal loss of δ 13 C shell data at either end of the detrended timeseries. As an average of 60 years of data were obtained per shell, using a high pass filter that capture more low frequency variability (e.g. a 40 year high pass filter) would result in a greater proportion of data being lost (at the beginning and end of each shells dataset). Such a loss in data could lead to gaps in the final compiled δ 13 C shell dataset. In years represented by multiple replicate samples the arithmetic mean of the detrended annually resolved δ 13 C shell data were calculated. The uncertainty associated with the annually resolved δ 13 C shell record was derived as the root mean squared error (RMSE) combining the inter-shell δ 13 C shell variability, calculated using the detrended data (1σ = 0.07‰), and the external analytical precision (1σ = 0.05‰). As the resulting δ 13 C shell series generated using all of the detrended annually resolved δ 13 C shell data contains only high frequency variability, it is hereafter referred to as the δ 13 C high record.
As the detrending process removes low frequency variability, be it of ontogenetic or environmental origin, we used a further approach to construct the long-term δ 13 C shell record. As the ontogenetic δ 13 C shell analyses indicate there is either no significant or only a small ontogenetic trend in δ 13 C shell over the first 20 years of ontogenetic age (see Section 3.2) non-detrended data from only these increments were utilised to quantify low frequency variability not captured by the detrended δ 13 C high record. The resulting δ 13 C shell series generated using δ 13 C shell data derived from growth increments < 20 years of age is hereafter referred to as the δ 13 C low record. The uncertainty associated with the δ 13 C low record was derived as RMSE combining the inter-shell δ 13 C shell variability, calculated using the annually resolved δ 13 C shell data derived from the first 20 growth increments replicated over multiple shells (1σ = 0.11‰), and the external analytical δ 13 C precision
The trends captured by the δ 13 C low record were evaluated using linear model analyses. The nature of the variability contained in the annually resolved δ 13 C high record was assessed using Mortlet wavelet analysis. The linear model and wavelet analysis were carried out using Past V3.
Environmental analysis
The δ 13 C high and δ 13 C low records provide an opportunity to evaluate if the ontogenetic related fractionation processes mask the δ 13 C shell variability related to environmental change. To test if this is the case, both the δ 13 C high and δ 13 C low records were correlated against spatial and temporal oceanographic timeseries over the interval 1954-2010 CE and the strength of the resulting correlations compared.
Point correlations were calculated between the annually resolved δ 13 C high and δ 13 C low records and gridded sea surface temperature (SST;
HadISST1; Rayner et al., 2003) and sea surface salinity (SSS; EN4 SSS; Good et al., 2013 ) data products to assess if physical environmental factors play a role in driving δ 13 C shell variability. Comparison between the δ 13 C high and δ 13 C low records and environmental data were conducted using linear detrended data. The data were detrended to mitigate the influence of the negative trend in δ 13 C associated with the marine Suess Effect, which is not climatically driven. The point correlations were conducted using KNMI Climate Explorer (http://climexp. knmi.nl Trouet and Van Oldenborgh, 2013) . Correlations were calculated over the interval 1954 to 2010 CE. To provide a quantitative assessment of the significance of the relationships identified by the point correlation analyses linear regression analyses were conducted between the G. glycymeris δ 13 C high and δ 13 C low records and SST and SSS data obtained from the gridded data products from a grid box centred on the Tiree Passage and Sea of the Hebrides (50-60 o N by 3-10 o W). In addition, given that δ 13 C shell variability has previously been associated with variability in primary productivity, linear regression analyses were conducted between the δ 13 C high and δ 13 C low records and primary productivity data from the 55-60°N by 3-10°W grid box from the D.J. Reynolds, et al. Palaeogeography, Palaeoclimatology, Palaeoecology 523 (2019) series. The PCA was calculated over the entire common period contained by the three records and the primary principal component extracted. Finally, the δ 13 C high , δ 13 C low , primary principal component from the PCA were calibrated against instrumental salinity data derived from the EN4 SSS dataset. These data were then converted to δ 18 O w using the local salinity mixing line equation (Cage and Austin, 2010 O shell data, using the Grossman and Ku (1986) aragonite palaeotemperature equation. The resulting reconstructed seawater temperatures were compared using linear regression analysis and the associated mean squared errors calculated.
Results and discussion
Shell dating
The dates of the samples derived from the modern (industrial period) shells were based on the Tiree Passage G. glycymeris master growth increment width sclerochronology . The AMS 14 C determinations of the fossil G. glycymeris shells that did not crossdate into the master sclerochronology identified a broad range of dates ( Supplementary Fig. 3 and Supplementary Table 1 ). The calibrated 14 C ages of the 21 shells spanned from 116 to 8755 years BP.
Ontogenetic analysis
The mean population δ 13 C all-shells curve was constructed from δ 13 C shell data derived from 1745 unique growth increments sampled at annual resolution across 26 individual shells (Fig. 2) . The mean population δ 13 C industrial curve was constructed from δ 13 C shell data derived from 476 unique growth increments sampled at annual resolution across seven individual shells. An average of 59.5 (range of 18 to 142) samples were taken per shell over the industrial era. The mean population δ 13 C pre-industrial curve was constructed from δ 13 C shell data derived from 1269 unique growth increments sampled at annual resolution from a total of 18 individual shells. A mean of 70.5 (range of 23 to 114) samples were taken per shell over the pre-industrial era. Examination of the standard error of the mean population δ 13 C allshell curve verses the number of shells used to construct the population curve (sample depth; Fig. S1 ) shows a negative trend in both the mean standard error and in the standard deviation of the standard error with increasing sample depth. The standard deviation of the standard errors stabilises at a sample depth > 7 individual shells per year (mean standard error of 0.1‰) suggesting this is the minimum replication required to produce a representative population δ 13 C shell curve.
Intervals of the mean population δ 13 C shell curves with a sample depth < 7 shells per year therefore contain increased levels of uncertainty and may not accurately reflect population trends in δ 13 C shell . Fig. 2B shows the sample depth and standard error for the three mean population δ 13 C shell curves over the first 80 years of ontogenetic age and highlights the low standard errors associated with the δ 13 C all-shells and δ 13 C pre-industrial mean population δ 13 C shell curves (each > 7 shell per year sample depth over this interval) compared to the δ 13 C industrial mean population curve that has a sample depth < 7 shells per year.
The standard error in all three mean population δ 13 C shell curves increases after approximately 70 years. Anomalies calculated relative to the mean of the first 20 years of the raw population δ 13 C shell curve. Panels B and C show the standard error and sample depth data for the each of the corresponding population δ 13 C shell curves respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
D.J. Reynolds, et al. Palaeogeography, Palaeoclimatology, Palaeoecology 523 (2019) 48-61 The 10-year first order loess low pass filtered mean population δ 13 C shell curves and corresponding first differential data highlights consistent trends across all three curves (Fig. 3) . These data highlight two key intervals in the δ 13 C shell data. The first~20 years, where the δ 13 C shell curves are relatively flat, and between 20 and 70 years of ontogenetic age where the data are characterised by persistent negative trends in δ 13 C shell . After 70 years of age the three mean population δ 13 C shell curves continue to exhibit a potential reduction in δ 13 C shell however the mean population δ 13 C shell curves contain reduced sample depth over this interval. No significant linear trends are found over the first 20 years of ontogenetic age in the δ 13 C all-shells and δ 13 C industrial mean population δ 13 C shell curves ( Fig. 3C and Table 1 ). However, the δ 13 C pre-industrial mean population curve does contain a significant positive trend (0.007‰ yr -1, 95% bootstrapped confidence interval 0.003 to 0.010‰ C industrial and δ 13 C pre-industrial mean population δ 13 C shell curves respectively; Fig. 3D and Table 1B ). As the sample depth in the δ 13 C all-shells mean population curve remains ≥7 shells per year up to 98 years of ontogenetic age, these data provide an assessment of somewhat longer trends (Fig. 3C ). After~70 years of ontogenetic age the δ 13 C all-shells mean population δ 13 C shell curve data suggests a shift away from the negative linear trend observed in the 20-70 years of ontogenetic age interval (Fig. 3E ). This is represented by a second order polynomial fit (R = 0.98 P < 0.001; Fig. 3E and Table 1C ). Whilst the sample depth remains < 7 shells per year in both the δ 13 C industrial and δ 13 C pre-industrial mean population δ 13 C shell curves, second order polynomial models can explain 89% and 96% (P < 0.001) of the variability in the data derived from growth increments between 20 and 100 years of ontogenetic age respectively (Table 1C) . The identification of negative δ 13 C trends in G. glycymeris δ 13 C shell data is consistent with results of the analysis of other marine bivalves that exhibit a similar decline in δ 13 C shell with ontogenetic age (e.g. Pecten maximus (Lorrain et al., 2004) , Mercenaria mercenaria (Gillikin et al., 2007) , Spisula solidissima (Krantz et al., 1987) , Placopecten magellanicus (Keller et al., 2002) , Pinna nobilis (Kennedy et al., 2001) and Chamelea gallina (Keller et al., 2002) ). The magnitude of δ 13 C shell ontogenetic trends previously recorded ranges from ca. 0.5‰ in the first few growth increments of A. islandica (Reynolds et al., 2017a) up to 4‰ in M. mercenaria (Gillikin et al., 2007) . The shift of up to ca. 0.7‰ in G. glycymeris is therefore in line with other marine bivalves that exhibit ontogenetic related trends in δ 13 C shell .
Whilst our study provides no indication of the mechanism that drives the observed negative ontogenetic trend in δ 13 C shell , given that the generation of our mean population δ 13 C all-shells and δ 13 C pre-industrial curves integrate shell material that span the Holocene, at sufficient E) The mean population δ 13 C curves plotted over the interval 20-100 years of age (thin lines) fitted with a second order polynomial model (thick lines). The δ 13 C shell data are plotted as anomalies relative to the mean of the δ 13 C all-shells series calculated over the first 20 years of ontogenetic age. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
D.J. Reynolds, et al. Palaeogeography, Palaeoclimatology, Palaeoecology 523 (2019) [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] sample depth to facilitate the generation of a significant mean population δ 13 C shell curve, it is highly unlikely that the negative trend in δ 13 C shell originates from an environmental source such as the marine Suess effect. Previous studies argue that ontogenetic trends in δ 13 C shell data derived from marine molluscs likely stem from a relative increase in the proportion of metabolic CO 2 incorporated into the shell carbonate with age (Lorrain et al., 2004; Gillikin et al., 2007; McConnaughey and Gillikin, 2008) . Marine bivalves typically incorporate ca. 10% of respired and metabolic CO 2 into shell carbonate (Goodwin et al., 2013) . Species that exhibit negative ontogenetic trends in δ 13 C shell have been reported to increase the proportion of respired/metabolic CO 2 incorporated into the shell up to a total of as much as 37% (Gillikin et al., 2007) . Given the δ 13 C of marine phytoplankton is typically −20‰ to −30‰ (Mook and Tan, 1991) , increasing the relative proportion of carbon derived from this source, in the form of metabolic and respired CO 2 , would drive a strong response in the δ 13 C shell composition of the shell (Lorrain et al., 2004; Gillikin et al., 2007; Goodwin et al., 2013) .
Constructing a multi-centennial δ 13 C series
Given that significant ontogenetic trends were found in the annually resolved G. glycymeris δ 13 C shell data it was important to evaluate the influence these trends would have on the resulting record constructed from δ 13 C shell data derived from growth increments of differing ontogenetic ages. In total there were 182 years containing replicated data between independent shells. Unsurprisingly, a significant positive linear correlation was found between inter-shell δ 13 C shell variability and the standard deviation in ontogenetic age of the growth increments sampled (R = 0.76, P < 0.01; slope = 0.006‰ yr −1 , 95% CI 0.002‰ yr −1 to 0.011‰ yr C shell variability and the mean ontogenetic age of the increments sampled (R = 0.01, P = 0.86, N = 182). Importantly there was also no significant trend found between the number of sub-annual resolution samples used to calculate the annual resolution δ 13 C shell value and the resulting incremental mean δ 13 C shell value (Fig. 4C ). These data suggest that, despite the likely high amplitude of sub-annual environmental δ 13 C variability, taking either a single sample per year, or taking the arithmetic mean of multiple sub-annual δ 13 C shell values results in a reproduceable annually resolved δ 13 C shell data. These data therefore suggest that incorporating undetrended data from the earliest growth increments < 20 years, or using detrended δ 13 C shell data, results in the construction of a long-term δ 13 C shell series that contain consistent intershell δ 13 C shell variability and therefore uncertainty.
Previous studies have demonstrated that detrending δ 13 C data that contain ontogenetic trends can effectively remove the ontogenetic signal in δ 13 C data (Chauvaud et al., 2011) . Investigating the impact of detrending the δ 13 C shell data on the inter-shell δ 13 C shell variability indicates that applying detrending techniques such as linear detrending or high pass filtering effectively removes the ontogenetic effects and results in the generation of an annually resolved G. glycymeris δ 13 C series with mean inter-shell δ 13 C shell variability of 0.07‰. Whilst detrending the δ 13 C shell data effectively removes the ontogenetic trend in δ 13 C shell the detrending process also removes low frequency variability not associated with the ontogenetic trend, i.e. environmental variability (Cook et al., 1995) . As such the δ 13 C high series constructed using detrended δ 13 C shell records would be constrained to examining high frequency (inter-annual to multi-decadal) variability in marine carbon dynamics. Considerable effort has been made in the fields of dendrochronology and sclerochronology to investigate alternative detrending techniques that can preserve a greater proportion of low frequency variability (e.g. Cook et al., 1995; Wigley et al., 1987; Esper et al., 2002) . One such approach is the use of regional curve standardisation (RCS; Esper et al., Table 1 A-B) Results of the linear regression modelling to evaluate the significance of the trends in the three mean population δ 13 C curves over A) the first 20 years of ontogenetic age and B) 20-70 years of ontogenetic age. C) Results of the non-linear (second order polynomial) model analysis of the δ 13 C data derived from growth increments between 20 and 100 years of ontogenetic age.
D.J. Reynolds, et al. Palaeogeography, Palaeoclimatology, Palaeoecology 523 (2019) 48-61 2002). Whilst RCS detrending is more commonly known for its application in detrending growth increment series, RCS has previously been applied to remove ontogenetic δ 13 C trends in Pinus sylvestris (Gagen et al., 2008) . The application of RCS detrending has been demonstrated to be more effective at preserving low frequency variability than linear or spline detrending techniques (Esper et al., 2002) . However, the generation of a robust RCS curve requires data from a substantial number of individual shells (typically > 60; Esper et al., 2002) . Whilst the mean population δ 13 C shell curve presented here contains sufficient replication to provide a statistical assessment of the ontogenetic trends in the δ 13 C shell data, over the first 70 years, it does not contain sufficient replication to be utilised as an RCS curve. At this stage therefore, the application of RCS detrending techniques does not present a viable option for removing the ontogenetic trends in G. glycymeris δ 13 C shell data. However, as the ontogenetic δ 13 C shell analyses indicate that the δ 13 C low data contain no (or only very weak) ontogenetic trends, it is possible that these data provide an annually resolved δ 13 C shell series that would facilitate the investigation of low-frequency variability (Fig. 5C ). Such an approach would increase the combined RMSE uncertainty to ± 0.12‰ of the timeseries, as the inter-shell δ 13 C shell variability in the non-detrended δ 13 C low data is slightly higher than the corresponding detrended data (0.11‰ compared to 0.07‰). Additionally, only utilising growth increments < 20 years of age would potentially impact the ability to generate long-term continuous records as the sample depth of such increments is not uniform throughout the master chronology used as the temporal framework for the δ 13 C shell analyses. Portions of the master growth increment width chronology that contain no growth increments < 20 years of age would therefore not be represented in the series and this would result in a non-continuous record. This potential complication could be mitigated by the inclusion of significant numbers of additional shells within the master sclerochronology.
The mean detrended (non-detrended) inter-shell δ 13 C shell variability (1σ), calculated using δ 13 C shell data derived from 473 unique growth increments spanning 185 individual years over the industrial era is 0.07‰ (0.3‰). The mean detrended (non-detrended) inter-shell δ 13 C shell variability derived from the growth increments < 20 years of ontogenetic age, replicated across 41 increments in 19 unique years and eight individual shells, is 0.07‰ (0.11‰). Combining these uncertainties with the analytical precision of ± 0.05‰, the root mean squared error (RMSE) for the annually resolved records are 0.09‰ and 0.12‰ for the δ 13 C high and δ 13 C low series respectively.
As expected, the annually resolved δ 13 C high record contains no variability with periodicities > 20 years and no long-term trends ( Fig. 5 and Supplementary Fig. S4 ). However, wavelet analyses indicate that there is significant variability (P < 0.05) in the δ 13 C high record at periodicities ranging from 8 to 20 years ( Supplementary Fig. 5 ). In ) is identical to the long-term trend in the G. glycymeris δ 13 C low record over the same interval (−0.017 ± 0.005‰ yr −1 ).
Whilst there is variability in the amplitude of the trends, previously published sclerochronologically derived δ 13 C shell records have demonstrated that the δ 13 C DIC in the North Atlantic over the 20th century reflects the reduction in δ 13 C associated with the marine Suess Effect (Reynolds et al., 2017a; Butler et al., 2009; Schöne et al., 2011; Wanamaker Jr. et al., 2011) . Similarly in Loch Sunart, a sea loch adjacent to the Tiree Passage, benthic foraminiferal δ 13 C has shown a particularly pronounced decrease in δ 13 C over the latter half of the 20th century (Cage and Austin, 2010) . Comparison of these data with the low frequency variability contained in our discontinuous δ 13 C low record highlights a broadly consistent picture. Whilst during the 19th century the burning of fossil fuels initiated a significantly negative trend in δ 13 C of atmospheric CO 2 (δ 13 C atm ; Francey et al., 1999) both the Loch Sunart and δ 13 C low data contain no signficant trend over this interval (Fig. 5) .
However, both the Loch Sunart and δ 13 C low data contain significant negative trends in δ 13 C over the latter half of the 20th century. Whilst the discontinuous nature of the δ 13 C low data prevents the identification of the precise date of the onset of the negative trend, the examination of the Loch Sunart record suggests the negative trend began ca. 1900 (Cage and Austin, 2010) . Observed and reconstructed δ 13 C atm data contain trends over the latter half of the 20th century of −0.29‰ yr −1 and -0.02‰ yr −1 respectively (Francey et al., 1999) . However, the Isle of Man −0.14‰ yr −1 (Butler et al., 2009 ); Gulf of Maine −0.007‰ yr −1 (Wanamaker et al., 2008a; Schöne et al., 2011) ).
However, closer examination of the trends present in the δ 13 C low data and these contemporaneous δ 13 C records over the instrumental period highlights there are differences in higher frequency variability between these locations (Supplementary Table 2 ). Such differences are likely due to differences in local hydrography (water masses) and primary Fig. 4 . A) Weighted mean inter-shell δ 13 C shell variability plotted against the standard deviation of the ontogenetic age of the increments sampled in that given year. In panels A and B, the solid black circles denote non-detrended data whilst the unfilled black circles denote linear detrended data. Given the heterogeneous distribution of the data weighted mean standard deviations are plotted. B) Inter-shell δ 13 C variability plotted against the mean ontogenetic age of the increments sampled. In panels A and B the dashed black line and solid black lines denote the line of best fit for the non-detrended and linear detrended data respectively. C) Linear regression analysis between the number of sub-annually resolved δ 13 C shell samples used to generate the annual mean δ 13 C shell value and the corresponding mean δ 13 C shell value.
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Environmental analyses
Analyses of the G. glycymeris δ 13 C shell data against gridded environmental data indicate that the δ 13 C low and δ 13 C high series correlate significantly with SSS variability in the continental shelf seas west of the UK and Ireland over the time interval 1954-2010 (R = 0.31 P < 0.1 and 0.50 P < 0.05 for the δ 13 C high and δ 13 C low series respectively, N = 56; Fig. 6 ). Additionally, these analyses indicate there is no significant correlation between either the δ 13 C high or δ 13 C low series and SST variability over this region (Fig. 6) . This, rather intriguingly, hints at a potential use of G. glycymeris δ 13 C shell data to help identify the influence of seawater salinity recorded in δ 18 O shell reconstructions and isolate the influence of changing seawater temperatures (Gillikin et al., 2006) . This would provide an important opportunity to reduce uncertainties associated with annually resolved long-term SST reconstructions based on δ 18 O shell data.
Prior to G. glycymeris δ 13 C shell data being used as a proxy for salinity the mechanisms that link salinity and G. glycymeris δ 13 C shell must, ideally, first be understood. There are several potential plausible mechanisms. Salinity variability in the Sea of the Hebrides is dictated by the combined influence of North Atlantic waters from the ESC, coastal current waters of the SCC and terrestrial run off and riverine inputs (Inall et al., 2009; Marsh et al., 2017) . Changes in the proportion of North Atlantic Ocean water entrained onto the Hebridean shelf have been shown to drive coherent changes in nutrient composition, primary production, temperature and salinity variability across this region (Jickells, 1998) . However, these factors have also been shown to drive shifts in δ 13 C DIC (Olsen and Ninnemann, 2010; Eide et al., 2017) . It is therefore possible that salinity variability is either a primary driver of δ 13 C shell variability (via internal fractionation processes), a secondary driver (by driving δ 13 C shell variability in association with driving changes in primary productivity), or a combination of mechanisms.
A plausible mechanism has previously been proposed for the direct link between salinity variability and δ 13 C shell variability in other marine bivalve molluscs. Gillikin et al. (2006, and references therein) suggest that the enzyme carbonate anhydrase, which catalyses the reaction of bicarbonate to CO 2 , can lead to fractionation of the carbon in the carbon pool used to precipitate the carbonate molluscan shell. Furthermore, changes in seawater salinity can lead to enhanced activity of the carbonate anhydrase in molluscan species that osmoregulate (Henry and Saintsing, 1983) . Whilst to the best of our knowledge there are no studies of activity of carbonate anhydrase in G. glycymeris, the species is known osmoregulate (Gilles, 1972) and thus there remains the potential for carbonate anhydrase to influence the δ 13 C composition of the shell. Whilst the current data preclude the direct assessment of the role salinity plays as a primary driver of δ 13 C shell variability, the availability of river flow and primary productivity data, in addition to the local SSS data, provides an opportunity to evaluate the role of salinity as a secondary driver of δ 13 C shell variability. Linear regression analyses highlight significant positive correlations between the δ 13 C high and δ 13 C low records and mean winter river flow (R = 0.29 and R = 0.35 respectively, P < 0.1, N = 39). The linear regression analyses also indicate a significant correlation with variability in the δ 13 C low record and mean spring river flow. However, unlike during winter, the correlation is negative (R = −0.26, P < 0.1, N = 39). Linear regression analysis between the δ 13 C high and δ 13 C low records and biological productivity variability in the CPR dataset highlight broadly consistent results. Significant negative correlations were identified between the δ 1 C high and δ 13 C low records and mean annual primary production (R = −0.54 and R = −0.38, P < 0.05, N = 39 respectively; Fig. 7 ). However, interestingly, the peak correlation between the δ 13 C high record and primary production occurs with mean winter variability (R = −0.60, P < 0.05, N = 39).
The correlations identified between primary productivity and the G. glycymeris δ 13 C shell data are consistent with an increase (decrease) in primary productivity leading to a reduction (increase) in δ 13 C DIC (Lynch-Stieglitz et al., 1995) . Similar trends have been observed in other marine bivalves such as A. islandica (Schöne et al., 2005; Reynolds et al., 2017a) . Examination of the correlations between river flow, salinity, primary productivity and the G. glycymeris δ 13 C shell data suggests that the coherence of the G. glycymeris δ 13 C shell data with salinity and primary productivity are likely independent. For example, the only significant correlation found in these data between salinity and primary C shell data plotted in panel A, plotted with a mean root squared error envelope (RMSE; shaded orange area). The RMSE envelope takes into account mean inter-shell δ 13 C shell variability (0.07‰) and analytical precision (0.05‰). C) Plot of the non-detrended δ 13 C low data derived from growth increments formed over the first 20 years of ontogenetic age (data from each shell is plotted as a different colour). The black circles represent δ 13 C shell data derived from three A. islandica shells fitted with RMSE error bars. D) The Loch Sunart δ 13 C foram record derived from foraminifera (Cage and Austin, 2010) . E) Atmospheric δ 13 C composition of CO 2 (Francey et al., 1999) . F) Annual resolution δ 13 C data derived from A. islandica shells from Iceland (Schöne et al., 2011; Reynolds et al., 2017a) , the Gulf of Maine (Wanamaker Jr. et al., 2011) and an instrumental δ 13 C series (Keeling and Guenther, 1994) . Reynolds, et al. productivity was with mean summer values (P < 0.1; Supplementary  Fig. 5 ). As this correlation is positive, it would suggest that the impact of an increasing salinity would be an increase in primary production that would lead to a decrease in δ 13 C DIC . If this were the mechanism that links salinity to G. glycymeris δ 13 C shell variability, one might therefore expect to see a positive correlation between the G. glycymeris δ 13 C shell data and primary productivity data, where there is in fact a significant negative correlation. Given the likely role of multiple factors in driving G. glycymeris δ 13 C shell variability, multiple linear regression analyses were used to examine the combined influence of salinity, primary productivity, and the δ 13 C composition of atmospheric CO 2 (δ 13 C atm ) on the G. glycymeris δ 13 C shell data. The δ 13 C atm record was incorporated in these analyses as an independent proxy measure of the marine Suess effect. Due to the relatively high rate of ocean-atmosphere CO 2 exchange, the surface waters of the NE Atlantic Ocean exhibits a marine Suess effect signal that is ca. 80% that of the atmospheric Suess effect (Eide et al., 2017) . The multiple linear regression analyses indicate that 34% (F = 3.355; P < 0.05) and 54% (F = 7.70; P < 0.001) of the variability in the δ 13 C high and δ 13 C low series can be explained by variability in salinity, primary productivity and δ 13 C atm . The increased covariance explained by the multiple linear regression models, compared to coherence found between the δ 13 C high and δ 13 C low series and individual environmental parameters, supports the hypotheses that the salinity and productivity dynamics are driving variability in the δ 13 C high and δ 13 C low series independently.
Whilst our data do not directly evaluate the potential primary link between salinity and G. glycymeris δ 13 C shell variability, via carbonate anhydrase mediated δ 13 C fractionation, these data do suggest there are likely multiple mechanisms through which environmental variability and carbon dynamics drive variability in G. glycymeris δ 13 C shell data.
Further work is therefore required to robustly quantify the role that internal fractionation processes and external environmental carbon dynamics play in driving G. glycymeris δ 13 C shell variability.
Multiproxy analysis
The sensitivity of the G. glycymeris δ 13 C shell data to salinity variability may facilitate the application of these data in constraining uncertainties associated with δ 18 O w variability in δ 18 O shell derived reconstructions of past seawater temperature variability (Gillikin et al., 2006) . However, the potential influence of other processes (e.g. primary productivity dynamics) on the G. glycymeris δ 13 C shell data, raises the potential for the stability of the relationship between salinity and δ 13 C shell to be non-stationary. To mitigate this issue we utilised the complete suite of sclerochronological records that have been developed from the Tiree Passage including the G. glycymeris master growth increment width sclerochronology and the co-registered δ 18 O shell series Correlations calculated over the period 1954-2010 using linear detrended data. Correlations highlighted are signficant at P < 0.1 level. Correlation analysis conducted using KNMI Climate Explorer.
D.J. Reynolds, et al. Palaeogeography, Palaeoclimatology, Palaeoecology 523 (2019) 48-61 Reynolds et al., 2017b) . The growth increment width chronology has been demonstrated to be sensitive to past seawater temperature variability, biological productivity (both primary productivity and zooplankton abundance) and seawater salinity variability Reynolds et al., 2017b) . Previous analyses suggest that, over the instrumental period , the G. glycymeris δ 18 O shell series is dominated by seawater temperature variability (Reynolds et al., 2017b O shell data (thin black line) plotted with 10 year first order loess low pass filtered data (thick black line; Reynolds et al., 2017b running correlations (P < 0.1) with the G. glycymeris growth increment width series (Fig. 8) . However, there are two notable intervals (1883 ( -1918 ( and 1940 ( -1960 Given that both the G. glycymeris δ
13
C high data and corresponding growth increment width series both independently positively correlate with salinity in the Sea of the Hebrides, the significant positive correlations between the δ 13 C high and growth increment width series suggest that the δ 13 C high record is being primarily driven by salinity variability.
Whilst both the δ 13 C high and growth increment width series both also correlate with primary production, if primary production were to be the dominant driver of the δ 13 C high record, one would assume the correlations between the δ 13 C high and growth increment width series should be negative. This is because the δ 13 C high data negatively correlate with primary production, whilst the growth increment series positively correlate with primary production (Reynolds et al., 2017b) . However, whilst the running correlations calculated between the δ 13 C high record and the growth increment width series are generally significant, there are two notable intervals where the correlations are not significant. This suggests that during these intervals it is likely that salinity variability is playing less of a role in driving the δ 13 C shell variability or being masked by other processes (e.g. primary production, shifts in background δ 13 C DIC ).
The examination of the running correlation analyses indicates that, except during two periods (1872-3 and 1900 CE) However, integrating the δ 13 C high and δ 13 C low data and instrumental salinity data, as proxies for δ 18 O w, with the δ 18 O shell to quantify these uncertainties yields reconstructed seawater temperatures that are highly coherent (R = 0.98 to 0.99; Fig. 9 ). These data suggest that mean annual salinity varied between 34.6 and 35 units over the reconstructed period, which would equate to a maximum shift of 0.05‰ in δ
18
O w , and a shift in reconstructed seawater temperatures of 0.22°C (assuming a 4 .3°C shift in temperature per 1‰ shift in δ 18 O). This amplitude of δ 18 O w variability therefore only drives a relatively small shift in the corresponding reconstructed seawater temperatures. The total 0.22°C shift due to salinity is relatively small in amplitude relative to the range in reconstructed temperatures (ca. 2.9°C) as well as the mean shift in temperature from year to year (0.6°C).
Conclusions
This study demonstrates that δ 13 C shell data derived from G. glycymeris growth increments older than 20 years of age contain significant ontogenetic trends. These trends must therefore be removed prior to the application of these data in reconstructing environmental variability. By utilising δ 13 C shell data derived from growth increments < 20 years of age, or by applying simple detrending techniques, it is possible to use G. glycymeris δ 13 C shell data to evaluate past environmental variability. These analyses demonstrate that variability in the G. glycymeris δ 13 C shell data covaries with salinity and primary productivity in the Sea of the Hebrides and adjacent waters. The integrated analysis of the δ 13 C shell data with co-registered δ
18
O shell data and the G. glycymeris growth increment width series facilitates the identification of portions of the δ13C shell data that are dominated by salinity variability and ultimately when periods of the δ 18 O shell record are dominated by salinity variability. These data therefore can ultimately be used to further constrain the uncertainties past environmental variability and the impacts on marine carbon dynamics. 
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